Solvatochromic fluorescence behavior of 8-aminoquinoline based benzothiazole derivative in varying solvent systems has been investigated. Benzothiazole appended 8-aminoquinoline 3 showed distinctive fluorescence color changes depending upon the solvent polarities and the fluorescence color changes occurred over relatively wide span in visible region from 486 nm to 598 nm which can be detected with naked eye. Compound 3 also exhibited significant spectral shifts in λ em as a function of water composition in binary aqueous solvent systems. The changes are due to the specific interaction of 3 by hydrogen bonding with water as well as general solvent effect. The observed solvatochromic fluorescence characteristics of 3 could be used as a new probe for the micro-environmental polarity changes as well as a sensitive sensor for the determination of water composition in binary aqueous solutions.
Introduction
In recent years considerable efforts have been given to the design and synthesis of functional molecules that could serve as sensitive sensors for the analytical detection of chemically and biologically important ionic species.
1 For this purpose, the advantages of fluorescence signaling in high selectivity and sensitivity have encouraged the development of a variety of interesting and practically usable fluorescence probes. 2 Along with intense research efforts for the development of sensors towards ionic species, solvatochromic or solvatofluorochromic methods for the characterization of micro-environment polarity have also been attracted much interest. [3] [4] [5] The polarity concept can be applied for the analysis of the nature of important local sites in many of macromolecular systems including synthetic polymers, 6 proteins, 7 and nucleic acids. 8 On the other hand, application of solvatochromic methods to mixed solvent systems, especially to mixed aqueous solutions, 9,10 is particularly more useful since aqueous solvent systems are widely used in reverse phase liquid chromatography and capillary electrophoresis.
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A large number of quinoline derivatives have been synthesized continually because the quinoline moiety has welldefined and attractive ionophoric properties toward a variety of important metal ions. 12 We have reported that the 8-aminoquinoline derivative 3 having appended benzothiazole function has Hg 2+ -selective fluoroionophoric behavior. 13 During the search for the optimized condition of the Hg 2+ -selective fluorogenic behavior of 3 we have observed a significant dependence of fluorescence behavior upon the polarity of the employed solvents. In this paper, we report that the 8-aminoquinoline derivative having appended benzothiazole function has pronounced solvatochromic fluorescence behavior in aqueous solvent systems. The compound can be used as a sensitive probe for measuring polarity of the micro-environments in chemical and biological systems as well as for the assessment of the water composition in binary aqueous solutions.
Results and Discussion
The desired compound, benzothiazole derivative of 8-aminoquinoline 3, was synthesized in three steps [14] [15] [16] from 8-nitro-2-methylquinoline as preliminarily reported earlier (Scheme 1). 13 Preliminary absorption properties of 3 were investigated by UV-Vis spectroscopy. In acetonitrile solution, compound 3 (2.0 × 10 −5 M) showed an intense absorption band (λ max ) at 310 nm. The absorption spectra of 3 in other solvents of varying polarity were similar in appearance with no appreciable characteristic changes. On the other hand, the ionophore 3 (2.0 × 10 −5 M) showed an intense bright yellow fluorescence around 580 nm (λ ex = 310 nm) in acetonitrile and significant changes in fluorescence spectra were observed in varying solvent systems. Therefore, we have measured fluorescence spectra of 3 in a variety of common organic Scheme 1 solvents including some of their aqueous solutions. Compound 3 revealed a significant dependence of fluorescence spectral behavior upon the solvent employed and, in general, the fluorescence maximum λ em of 3 was gradually red-shifted as the solvent polarity increased. That is the λ em of 3 was 486 nm in non-polar solvent of n-hexane, and was progressively red-shifted to 510 nm in toluene, 541 nm in dioxane, 566 nm in acetone, and eventually to 598 nm in polar solvent of methanol ( Figure 1 ). The fluorescence color changes of 3 in these solvents were distinctive and the blue color of the fluorescence 3 was dramatically changed to green, yellow, orange, and finally red in responding to the solvent polarities from n-hexane to methanol. In this case, the span of the spectral changes was relatively wide from 486 nm to 598 nm in visible region and the color changes were distinctive enough to be observable with naked eye.
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Along with the general solvatochromic fluorescence behavior of 3, a specific solvent effect has also been observed for the compound in various protic solvents. From the solvent dependent spectral changes, we have made a Lippert plot 18 between Stokes' shift (∆ν = the frequency shift (in cm
) between absorption and emission) and orientation polarizability which is expressed as ∆f (Figure 2 ). Stokes' shifts were approximately proportional to the orientation polarizability for the surveyed solvents except for the relatively large deviation of toluene and dioxane, and moderate scattering for protic solvents. 18 The rationale for the significant deviations for the relatively nonpolar solvents of toluene and dioxane is not clear at the moment. However, the excess shifts for protic solvents could be explained by the specific interaction of the hydrogen bonding between the amino group of the fluorophore and the employed solvent molecules. These spectral behaviors suggest that the fluorescence characteristics of 3 are sensitive to both general solvent effects and specific solvent effect in protic solvent systems.
The effect of solvents on the fluorescence of 3 was further investigated systematically by using aqueous binary solutions as medium. The compound 3 exhibited a strong fluorescence at 541 nm in pure 1,4-dioxane. However, as the percentage of water increases in aqueous dioxane solution, a gradual decrease in fluorescence intensity and a concomitant redshift in fluorescence maximum were observed (Figure 3) . The red-shifts of fluorescence maximum and the decrease in fluorescence intensity were also visually recognized by the changes in fluorescence color of 3 from yellow to red with increases in water contents of solution. In this case, the absorption spectra of 3 were not affected significantly in aqueous organic solutions of varying water compositions.
The effects of water contents in binary aqueous solvent systems were further investigated in other water miscible aprotic solvents such as acetonitrile, acetone, and THF (Figure 4) . Generally, adding small amount of water (up to 5%) induced relatively large shifts in fluorescence maximum. After that, the changes became less significant. That is a typical of specific solvent effect and possibly due to the formation of strong hydrogen bonding between water and the amino group or nitrogen atoms of heterocyclic moieties of compound 3. This observation of sensitive spectral shifts The numbers refer to the following solvents: 1, methanol; 2, ethanol; 3, n-propanol; 4, acetonitrile; 5, acetone; 6, THF; 7, ethyl acetate; 8, diethyl ether; 9, dioxane; 10, toluene; 11, hexane. as a function of water composition suggests that the shift in λ em can be applied for the detection of water contents, 19 especially in the range of up to 5% of water composition, in many aqueous organic solvent systems.
Conclusions
In conclusion, we have characterized a new sensitive fluorescent probe for solvent polarity of 8-aminoquinoline appended with benzothiazole function. The quinoline derivative exhibited a wide spectral shift in fluorescence emissions in visible region in response to the polarity of the medium. The compound also showed highly sensitive responses toward changes in water composition in aqueous solvent systems, which can be utilized as a new probe for the determination of water composition in aqueous binary solvent systems. The sensitive solvatochromic fluorescence behavior can also be used for the assessment of polarity characteristics in a variety of micro-environments in chemical and biological systems.
Experimental Section
General. All manipulations were carried out under an inert atmosphere. All solvents used for spectroscopic measurements were purchased from Aldrich Chemical Co. as 'anhydrous' or 'spectroscopic grade'. 2-Methyl-8-nitroquinoline and 2-aminothiophenol were purchased from Aldrich Chemical Co. 1 H and 13 C NMR spectra were measured on a Varian Gemini-2000 spectrometer. HRMS spectra were obtained with a Micromass Autospec Mass Spectrometer. UV-Vis spectra were measured using a JASCO V-550 spectrophotometer.
Preparation of 8-nitro-2-quinolinecarboxaldehyde 1. A mixture of 2-methyl-8-nitroquinoline (1.00 g, 5.3 mmol) and SeO 2 (1.04 g, 9.4 mmol) in dioxane 14 (30 mL) was heated at 90 o C for 2 h. The reaction mixture was evaporated and the residue was dissolved in CH 2 Cl 2 , then filtered to remove undissolved solids. The filtrate was evaporated and redissolved in MeOH. The solution was filtered and the filtrate was evaporated. Crystallization of the crude product from hexane gave pure compound 1 (0.60 g) in 56% yield. To a solution of 1 (0.50 g, 2.5 mmol) in toluene (14 mL) was added 2-aminothiophenol (0.27 mL, 2.5 mmol) and acetic acid 15 (0.14 mL). The mixture was refluxed for 3 h, cooled to room temperature and washed with dilute HCl and NaHCO 3 (10 mL 16 (1.8 g) and NaHCO 3 (0.5 g) in portion-wise over 2 h. The reaction mixture was washed with 2% NaHCO 3 (10 mL) and the separated organic phase was dried over MgSO 4 and evaporated. Crystallization from CH 2 Cl 2 yielded 3 (0.35 g, 78%) as a brown solid. Fluorescence titration experiments. Fluorescence measurements were performed using an Aminco-Bowman Series 2 Spectrometer. All the solvents used were spectroscopic grade. Incremental amounts of water were added to the stock solution of 3 (2.0 × 10 −4 M) in organic solvents by micropipette. After this, the solution was diluted with calculated amounts of water or organic solvents to make the required probe concentration as well as the solvent compositions. 
